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The purpose of this investigation was to design and conduct a
“ind tunnel tes! which demonstrated thc feasibility of applying wind
tunnel techniqies to the aerodynamic heating problems encountered in the
supersonic carr.age of external stores. The test incorporated the
thermographic phosphor paint technique on an MK-84 store attached to the
left inboard pylon of a 0.05-scale model of the F-4C. The test was made
at nominal free-stream Mach numbers of 1.49, 1.76, 2.00, and 2.50; at
nozlnal free-stream unit Reynolds numbers between 3.67 x 106 and ¢.64 x
10° ft-1; and at atrcraft angles of attack of 0 and +4 deg. Typical
heat-transfer-rate distributions on the WK-84 are presented. Thermo-
graphic Datacolor photographs are also included showing characteristic
hc~ting patterns on the external store and significant variations in the
hew: *ransfe- coefficient at various X/L locations caused by local "hot
spots.’” Othe:, photographic data {illuastrate the complexity of the flow
field around thr store.
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ABSTRACT

The putpose of this investigation was to design and conduct a wind tunnel test which
demonstrated the feasibility of applying wind tunnel technmigues to the acrodynamic heating
problems encountered in the supersomic camage of external stores. The test incorporated
the thermographic phosphor paint techmque on an MK-84 store attached to the left inboard
pylon of a 0.05-scale model of the F-4C. The test was made at nominal free-stream Mach
numbens of 1.49, 1.76, 2.00, and 2.50. at nonunal ficestream unit Reynolds numben
between 3.67 x 10* and 4.064 x 10% (0! and at aircralt angles of attack of O and +4
deg Typical heat-transfer-rate distributions on the MK-84 are presented. Thermographic
Datacolor photographs are also included showing characterstic heating patterns on the
external store and significant variations in the heat-transfer coefticient at various X/L
locations caused by local "hot spots.” Other photographic data illustrate the complexity
of the flow field around the store
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SECTION |
INTRODUCTION

In December of 1971, Epstein (Ref. 1) presented a paper at the Aircraft/Stores
Compatibility  Symposium in which he discussed supersonic carnage of conventional
weapons. Some of the important conclusions to be drawn from that paper are: (1) many
supersonic aircraft/store combinations are speed “limited” by store acrodynamic heating,
(2) flight test cvaluation of all aircraft/store situations is not possible, and (3) the
complexity of the aircraft/store flow environment defies analytic descniption,

Figure 1! (Appendin 1) illustrates how the performance envelope of a typical
present-day aircralt has been severely himited by extemal store heating. Unfortunately,
these himitations are sometimes imposed by “arbitrary temperature imits? on the store.”
Almost all present-day bombs and fuses have, as their explosive charge, some form of
TNT which melts at about 178 When this explosive melts, it becomes unstable and
very dangerous, However, 10 determine the actual temperature of the TNT in flight one
must know the following

1. The maximum temperature attainable at the specific fhight condition (i.c.,
I,w) sce Fig 1

2. The rate at which heat s transferred to the store; and
3. The length of time at a given flight condition,

Of these three, the heat-transfer rate s by far the hardest to determine. As a result, the
adiabatic wall temperature (1,4 ) s often used as a comervative himit,

Some analytic work has been done on store heating, for example, under a contract
with Fghin AFB, the Armour Rescarch Foundation performed extensive calculations of
store heating distributions for the case of a MARK 83 bomb in an interfersnce-free flow
ficld (Ref. 21 Of coune. the actual flow field is far from interference-irec as will be
shown later in this report,

The purpose of this investigation was to design and conduct a wind tunnel test which
demonstrated the teasibility of wind tunnel testing techniques as applied to the store
acrodynamic heating problem. The store thermal environment was obtained using the
thermographic phosphor paint technique. The phosphor data provide a complete thermal
mapping of the heat-transfer coefficient distributions for wind tunnel conditions. If proper
scaling laws are known, these heat-transfer-rate distnbutions can be extrapolated to flight

YA wmitar figure was presented in Ref. |

211 should be emphauzed that other factors may also restinl the performance envelope, but this report is duected
toward techniques to better define the store lemperature Lmitations
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conditions. Then, wath the aid of existing heat conduction computer codes, the heat-transfer
distnbutions for Might conditions can be incorporated with aircraft flight envelopes to
provide realistic store temperatures for flight. This could significantly improve the current
aircraft operating himits with external stores and help to provide a "total force... operating
at ncar the design speed of the aircraft.”?

The test was conducted in the von Kirmdn Gas Dynamics Facility (VKF) 404n.
Supersonic Wind Tunnel (A) at Mach numbens of 1.49, 1.76, 2.00, and 2.50, and nominal
freestream unit Reynolds numbers from 3.67 x 10% to 4.64 x 10%/ft. A 0.05-scale MK-84
was used as the external store and an existing F<4C model was used to simulate the flow
ficld of the parent body. The parent model orientations consisted of angles-of-attack of
0 and +4 deg. Two basic configurations were tested:

F4C/MR-84/WITH FUEL TANKS
F4C MK-84/WITHOUT FUEL TANKS.

SECTION 1
APPARATUS

2.1 WIND TUNNEL

Tunnel A s a continuous, closed<ircuit, variable density wind tunnel with an
automatically driven flexible-plate-type nozzle and a 40- by 40-in, test section. The tunnel
can be operated at “lach numbens from 1.5 to 6 at maximum stagnation pressures from
29 10 200 psia, respectively, and stagnation temperatures up to 7S0°R (M_ = 6). Minimum
operating pressures range from about one-tenth to one-twentieth of the maximum at cach
Mach number, Tunnel A has a model injection system which makes it possibk to change
model configurations without interrupting the tunnel flow (Fig. 2). A description of the
tunnel and airflow calibration information may be found in Ref. 3.

22 MODELS

A photograph showing the F-3C parent model with the MK-84 and fuel tank mounted
is preserted in Fig 3. Only the MK-84 bomb mounted on the inboard pylon of the left
wing was instrumented.

The 0.0Sscale MK-84 store was fabnicated al the VKF. The store model was
constructed of C-7 ¢poxy because of its low thermal conductivity which is required for
the thermographic phosphor paint technique. In addition to the thermographic paint, the
store was instrumented with a Gardon heat-transfer-rate gage and two wall temperature
gages. Model details and instrumentation locatioms are shown in Fig. 4. 1t should be noted
that the MK-84 store was at a |-deg angle of incidence in the camriage position.

’('nmmrnl at Tactical Fighter Symposuum eaprevang the deures of Generd William Momyes, TAC Commandes,
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A sketch illustrating the relative size of the F<4C, MK-84, and fuel tank is presented
in Fig. S, and the two pylon stations on cach wing are indicated.

23 INSTRUMENTATION

2.3.1  Thermographic Phosphor Paint

Thermographic  phosphorescence s the emisson  of Juminescent  light having
temperature-dependent intensity that decreases exponentially with increasing temperature.
The paint phosphorescence s activated by ultraviolet (UV) light, and the intensity of
emission? depends on the properties of the particular phosphorescent paint and the energy
of the activating ultraviolet light, as well as the temperature, A plot of the emission
bright ness for the phosphor used in this test is given in Fig. 6 as a function of temperature.;
the intensity of the ultraviolet lights for this test was nominally 2.8 ultraviolet light units
(280 pw/cm?).

The techmique for obtamning the model surface temperature patterns at the desired
test conditions consists of photographine the painted model surface and measuring the
optical demsity (brightness) of the recorded image. The measured film density s related
to the model surface torperature, which can be related to the surface acrodynamic
heat-transfer coefficient s wi' t¢ discussed later

The model phosphores.ence  photographs  were obtained using  Beattic Coleman
Varitron® 70-mm sequence canceras set at /4 and 0.8acc exposure times. Eastman Kodak
Tri-X Pan® film was developed using the Eastman Kodak Versamat® PIOcess,

2.32 Heet-Transter-Rate Gage and Wall Temperature Gages

A Gardon heat-transfer-rate gage and two wall temperature giges were used to momitor
heating rates on the model. Their physical locations on the model were shown in Fig.
4. The heat-tramsfer-rate gage operales on the Gardon gage prnciple (Ref. 4), and a sketch
of a typical gage is shown on the right-hand side of Fig. 7

The two wall temperature gages operate on the basic thenmocouple principle with
the two dissimilar metal-wire leads divided into very fine “whiskers.” This was done to
reduce conduction losses. A sketch of the basic construction of a wall temperature gage
is shown on the left-hand side of Fig. 7. Unfortunately, conduction losses were not
climinated, and the gage readings were observed to be consistently low (~7°F). For this
reason, data from the two wall temperature iges were not used in the data reduction.

YIn order 1o provide 3 poud reflective background for the phosphor pasnt, the model was panted whie before
the phosphor paint was applied.
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SECTION Il
PROCEDURE

3.1 TEST CONDITIONS AND PROCEDURE
3.1.1  Test Conditions

The nominal tunnel operacing conditions were as follows:

M_ Yo P8I T, R p..s ug/ft? V_. /s Re /Mt (0}

1.49 15.0 638 7.88 » 104 153§ 367 x 108
1.76 17.0 638 671 x 104 1712 3184 x 10¢
2.00 21.1 639 637 x 104 18406 4.29 x 10
2.50 29.2 638 S.05 x 104 2063 4.64 x 10*

A complete test summary s presented in Table 1 (Appendin ).
3.12 Test Procedure

The test sequence consisted of injecting the model into the airstream, translating
it forward to the test section, and taking four photographs of the model at 4-sec intervals,
The model was exposed to the airflow about 10 sec betore reaching the test section,
and the model remained in the test section for approximately 16 to 18 sec. The model
was cooled to about 70 to 80°F prior to each injection. The Gardon gage heat sink
temperature and the model wall temperatures were monitored during the cooling cycle
to ensure a uniform temperature distribution before a subsequent injection was made.

The outputs from the two wall temperature gages and the Gardon heat-transfer gage
were recorded continuously from before the model injection until the beginning of the
retract cycle. The recordings were made on magnetic tape with a Beckman 210
analog-to-digital converter, cach channel being sampled every 0.05 sec during the recording
interval. Indicate bits marked the time sequence of such events as model arrival on
centerhine, model arrival at test section position, and the times at which the photographs
were taken,

Because of the obstructed side view of the instrumented model by the other stores
and because of the desirability of having the Gardon gage visible in cach photograph (for
establishing reference levels in the phosphor paint data), the parent body model was rolled
45 deg as illustrated in Fig. 8. Two cameras were used (one on cach side of the tunnel)
s0 that the heating patterns could be photographed from both the inboard and outboard
positions by rolling the model 45 and +45 deg, respectively. A typical black/white picture
of the phosphor-painted store with the parent body rolled +45 deg is shown in Fig. 9.

4

.
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3.2 DATA REDUCTION

The acrodynamic heat-transfer coefficient at the Gardon gage location was computed
by

S n

where the heat-transfer rate () and the ettective wall temperature (T, "")of the Gardon
gage were obtained as follows

i - (SO ()

and

I - 1« 03V

» Ld
qaage

(3)
The Stanton number was computed as

~ -
l n‘ ‘,
-

¢ (4)

where the speatic heat of e at constant pressure (Cp) was asumed to be 0.240
Btu/thm- 'R,

Because of posuble nonunifornuties in aither the phosphor coating or the incident
ultraviolet hight (for example, shadows caused by model geometry), pretest pictures of
the model were obtamned an the test section under the same conditions (bat without the
tunned runming) that existed tor the test pictures. By subtracting the measured optical
density of the pretest picture from the corresponding test picture, the influence of these
nonuniformities was chminated from the hinal results. In other words, the black/white
picture that i analyzed is the difference between the test picture positive and a negative
of the pretest picture. The superposition of these two pictures yields the difference in
density between them, This difterence in film density  as shown in Fig. 102 represents
the change in temperature between the test conditions and the pretest condition.,

Data reduction of the Oilm density patterns was  accomplished using a Datacolor
703-32® analyzer. The Datacolor system uses a black/white television (TV) camera to
produce a standard TV signal, or amage, of the test picture. A digital video processor
analyzes the shades of gray in the TV image and classifies them into increments or shades
of gray (twelve increments were used in the present analysis). A different color is assigned
to cach increment, and the appropriate color TV signal is generated by the digital processor.
These signals are  then displayed on a color monitor unit. The color photograph
corresponding to Fig. 100 s presented in Fig. 10b. Fach color in this photograph
corresponds 1o a specific model wall temperature range.




AEDC TR 13128

The conversion from model wall temperature ranges 10 acrodynamic heat-transfer
coctlicient (h ) is accomplished by assuming that the wall temperature response is similar
to that of a senu-intimte slab. 1t should be pointed out that the level of the wall
temperatures anlerred trom the phosphor paint was adjusted to agree with those inferred
trom the Gardon gage The heat conduction equation for the wall temperature rise of
a swemt-antimte slab s

I =1 :
- Ll -1 - B edep (5)
a-- ]
where
LIY \Y
)
\prd

The adsatutic wall temperature €, o 1 can be shown to be oqual to about 095 1, The
il wall temperature 1) and the stagnation tempetaturee (1) were obtained from the
recondimgs of the Bedhman 21O analog-to-dgital converter The wall temperature ranges
trom the color photograph are substituted into the fett-hand side of Bq. (1) so that values
ol g van be deternuned.  Thus

(0)

jp—
The matenal propoety paramicter (v k) was determined to be 0,030 Bru 112 -sec! 12.°R
tor the MR-S4 mosdel matenal (C-7 epony ), and 3t i the exposure time to the airflow,

33 DATA PRECISION

Uncertamnties thands wihich anclude 95 percent of the cahibration data) in the basic
tunned paramcters op, o oo and MY were ostimated  trom repeat  calibrations of the
istrumentation and trom the repeatatility and umilormity of the test section flow dunng
tunnel cabibrations . These uncertanties were then used to estimate uncertainties in other
frecstrcam properties uang the Taylor senes method of ermor propagation. The results
are tabulated below

Uncertainty (4), percent

Nominal M_ M_ Pa I, P V. Re_/M
1.49 0.7 0.5 0.9 1.5 G.? 1.3
1.76 0.7 05 09 1.7 0.6 1.4
2.00 0.5 0Ss 09 1.5 0s 1.4
250 0.3 0.5 0.9 1.3 0.5S 1.4

6O
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Measurements of model attitude in pitch and roll are precise within 20,08 and 0.1 deg,
ropeclively, based on repeat cahibrations

The estimated precistion of the heat-transier coelticient levels for the Gardon gage
and the Datacolor system are

Parameter Uncertainty (), percent
hhudun Gage 12

h)llatﬂ'nl “i,

The relatively larmge vatues for these uncertamties s directly attributable to the low driving
potential (T,y - T4 ) that exsted for the present test. The F<4C parent model used for
this test was restricted 1o a mavmum stagnation temperature of 180°F, Normally, the
tunnel A stagnation temperature would be about SOF higher which would substantiall;
reduce the uncertainties quoted above It should also be mentioned that the above values
are based only on uncertainties of measured parametens and do not include uncertainties
which may be attributable to violations of the seminfinite slab assumptions. [t should
be emphasized, however, that local vanations in the heat-transter coeflicient were clearly
discernible in the data, and “hot spots” were casily detected.

SECTION IV
RESULTS AND DISCUSSION

4.1 WIND TUNNEL RESULTS

In Epsten’s paper (Ref. 1), the restrictions imposed on aircralt store combinations
by “arbitrary” temperature hmitations were discussed. At that time, there were no
acceptable techniques for determining realistic store temperatures at low supersonic speeds
other than Night-test representative cases, The color photograph presented in Fig. 10 shows
heat-transfer cocfficients on an external store obtained at simulated conditions in a wind
tunnel by application of the thermographic phosphor techmque. This demonstrates the
feasibility of using this technique for the store acrodynamic heating problem.

Additional Datacolor photographs obtained on the outboard side of the MK -84 are
presented in Fig. 11. These photographs compare the “fuel tank on” heating patterns
on the MK-84 with the "fuel tank off” patterns. One mught expect that the tuel tank
bow shock impingement on the outboard side of the MK-84 would produce a local “hot
spol.” Close imspection of the photographs does, in fact, show localized "hot spots” for
the "fucl tank on” configuration. The fuel tank bow shock impingement is substantiated
by the shadowgraph picture presented in Fig. 12, which shows that the location of the
shock impingement on the MK-84 is approximately the same as that of the "hot spots”
shown in Fig. 11. The photographs shown in Figs, 10 and 11 vividly ilustrate that the
Datacolor analysis of the thermographic-phosphor  paint data can  provide good
quantification of the thermal environment of an extemal store,
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In kg 133, data compatisons are agnn made between “fuel tank on” and “fucl
tank oft” heating distnibutions for the outboard side of the MK-84 (inboard distributions
are wven an Py 13b). However, in this case, the data are presented as axial distribution
plots tor a wingle radial ponition (e, ¢,,, = 135 deg). These distributions were obtained
by making data fanngs from the corresponding Datacolor photographs for ¢,,, = 135
deg. By noting the ~nial location of the vanous color changes, the relative heating levels
were deternincd aleag the model In addition, the relative slope of the heating distribution
at cach color change can be deternuned by obsenving which color corresponds to the
higher temperature. However, a companson of these avial distribution plots with the color
photographs of Fyes. 10 and 11 clearly shows the advantage of the litter form of data
presentation,

Addisional avial distnbution data tanings are presented n Figs. 14 and 1S, These
data show the influence of angle of attack and radial position for the specific conditions
histed. There are large vanations with radial position (Fig. 15) as the Now fickd is obviously
not axisymmetne. More information regarding the Now ficld and surface streamdines can
be obtained by examination of oil flow photographs. Dunng the present test, a limited
number of ol flow photographs were obtained, and 4 representative one is presented in
Fig. 16, Here agamn, the low field complexaity s vividly iltustrated.

42 APPLICATION OF WIND TUNNEL RESULTS TO FLIGHT CONDITIONS

In Section 1.t was amphied that the heat-transfer coetlicients determined at the
simulated  conditions in the wind tunnel could be used to provide realistic store
temperatures tor hight conditions. The schematic presented in Fig. 17 illustrates the
procedures tor accomplishing this. and the table below provides a “status report” of cach
iem,

tem Status

Heat-transfer rates Feasibiity demonstrated by this

measured i wind tunnel report

Fhight conditions Funcuon of a given mission

Acrodynamic scaling laws Can be determined by correlation of
Oight and wind tunnel data
(tentative program currently in
planning stage)

Heat-transfer rates tor Function of specific configuration

ight conditions and misson

Computer code for store Available at AEDC (Ref. S)

heat conduction checkout runs complete

Temperature distribution on State-of-the-ant technology  available

store (fhght) (o perform task
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As can be seen, the determunation ot the proper scrodynamic scahing laws is the area
where future cfforts should be directed. A hypothetical deternunation of the proper
acrodynamic scaling laws can be obtamed by assuning that a turbulent boundary layer
exists for both the hght and wind tunnel conditions, For turbulent boundary layers on
simple geometnes, it can be shown (Ret, o) that

\lﬂtr'\' A Conel (7

To lustrate the application ot scaling faws thas relatiomlup was used to extrapolate the
present data to theht conditions. It should be emphasized that thas extrapolation technique
may or may not be applicable. 1o substantiate ths procedure a drect correlation between
Might test data and wind tunnel data should be made

Equation (7) can be watten s

[wm. ! ']"_‘ ” [wn.l y! ] (8)
wl

whach reduces to

s
S A "’I .,“ “”
e wl ",' E.
ffe
wheee Sty s detined as
LY
i
\|‘“ - » \ i . "0’
\‘T‘ \ﬂ. 'I
Rearranging b ¢ 10) gaves
h ~M \ (
jit .Tlps“-' \n-‘ P th

The present Mach 2.0 wand tunnel data have been extrapolatad to hight conditions
at 20,000 11, and these results are shown mn g, 18, Also shown n b I8 s a heating
rate distnbution obtamed from Ret. 20 This theoretical distnbution was based on an
interterence-tiee Qow Nichd at M 20 Note that the theoretical calculations were as
much as TOO percent bedow the data Linng of the present test. This emphasizes the fact
that the complenaty ot the airceatl store How environment deties analy tical description.,

In Ret. 20 heatimgrate distnbutions were presented lor altitudes from 0 to 100,000
1 Eatrapolation ot the wind tunnel data to vanous altitudes by the above procedures
i tllustrated an bigl 190 The amplicit assumption i ths extrapolation is that the heating
rate distnbution v not g tunction ot Revnolds number for a turbulent boundary layer,

T e
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SECTION V
CONCLUSIONS

Acrodynamic heating tests were conducted on an MK-84 bomb model mounted on

the left inboard pylon of a S-percent-scale model of the F<4C. The test was run at nominal
free-stream Mach numben of 1.49, 1.76, 2.00, and 2.50. Complete thermal mappings were
obtained by the thermographic-phosphor paint technique. Based on an analysis of these
data, the pnimary conclusions are

[ 2]

1. This investigation has demonstrated the feasibility of applying a wind tunnel
testing technique 1o the store acrodynamic heating problem.

vt

Thermal mappings indicate that the local "hot spots” produced significant
vanatiwons in the heat-transfer coeflicient at vanous X/L locations,

3. Photographic data clearly illustrate the complenity of the tflow ficld around
the store and interference-free calculations can be 100 percent below the
measurcd values,

4. The Datacolor analysis of the thermographic-phosphor paint data provided
good quantification of the thermal environment of an external store.
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